Introduction {#Sec1}
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The spin-triplet *p*-wave superfluid phases of liquid $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^3$$\end{document}$He \[[@CR1]\] immersed in the aerogel matrix provide the arena for experimental and theoretical investigations of different types of spin and orbital orientational disorder, induced by the quenched orientational disorder of the aerogel strands. Especially interesting phenomena are realized in the chiral superfluid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A phase, which in addition to superfluidity has the signatures of the spin nematic \[[@CR2], [@CR3]\] and orbital ferromagnet. One of the most spectacular discoveries was the observation of the destruction of the long-range orientational order in $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A by a weak random anisotropy \[[@CR4]\]---the so-called Larkin--Imry--Ma (LIM) effect \[[@CR5]--[@CR7]\] (see also review paper \[[@CR8]\]). This is the orbital glass state of the chiral superfluid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A---the bulk 3D topological system with smooth disorder in the field of the orbital vector $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{l}}}$$\end{document}$, which describes the orientation of the orbital magnetization of Cooper pairs in this chiral liquid. The smooth texture of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{l}}}$$\end{document}$-vector can be characterized by the integer valued topological charges valid for the soft topological objects, such as 2D and 3D skyrmions \[[@CR9]\], merons, continuous vortices \[[@CR10]\], topological solitons, domain walls, monopoles and hedgehogs. Following the notations of Refs. \[[@CR11], [@CR12]\], the LIM orbital glass state can be called the *intrinsic orbital skyrmion glass*.

The intrinsic orbital glass state persists even when the global anisotropy of the aerogel strands is present. In the polar-distorted $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A phase (PdA phase), which is formed in the aerogel with "nematically ordered" strands, provided by the commercially available nafen material \[[@CR13]\], the 2D LIM state is observed with the disordered planar texture of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{l}}}$$\end{document}$-vector \[[@CR14]\].

The intrinsic orbital glass is realized as an equilibrium state. Whether it is the true glass state or the orbital liquid is an open question. The $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A in aerogel may have many degenerate ground states (or nearly degenerate states) with the rare events of the transitions between the states. All these states have smaller energy compared to the ordered state of the orbital ferromagnet, and thus are not able to relax to the ordered state with long-range order.

In addition, there are the topological excited states on the background of the intrinsic LIM glass. In particular, it was found that the aerogel strands strongly pin the singular topological defects (with hard cores), such as quantized vortices and half-quantum vortices---Alice strings \[[@CR15]\]. The disordered state which contains pinned vortices is obtained by the Kibble--Zurek mechanism: vortex nucleation by fast cooling through $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{c}$$\end{document}$ \[[@CR16]--[@CR18]\].

The formed excited state can be called the *vortex glass*. This vortex glass is very different from the Larkin vortex glass in superconductors, where vortices have preferred orientation of magnetic fluxes along the magnetic field. In the isotropic aerogel, vortices have random orientation of vortex lines. In the aerogel with preferable orientations of the strands, the vortices form the disordered Ising glass with the random distributions of the winding numbers $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N=+1$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N=-1$$\end{document}$, or $\documentclass[12pt]{minimal}
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                \begin{document}$$N=-1/2$$\end{document}$ in case of half-quantum vortices in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Zoo of topological defects pinned by aerogel. Hard-core topological defects (half-quantum vortices and hedgehogs), intermediate-core defects (spin vortices), and soft objects (skyrmions, hopfions and spin solitons). Images adapted: skyrmion and hedgehog from Ref. \[[@CR22]\], hopfion from Ref. \[[@CR23]\], spin vortex from Ref. \[[@CR24]\] and columnar skyrmion from Ref. \[[@CR25]\] (Color figure online)

The aerogel and nafen also pin the topological defects with the cores of intermediate sizes, such as spin vortices in Fig. [1](#Fig1){ref-type="fig"}. All these possibilities, in addition to the fully equilibrium LIM state, give rise to a zoo of quasiequilibrium glass states with different types of the pinned topological excitations. These states can be obtained using different protocols, see Fig. [2](#Fig2){ref-type="fig"}.

The rich glass states in superfluid phases of $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He could be useful for studies of different problems related to spin glasses \[[@CR19]--[@CR21]\]. Our measurements in superfluid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He confined within nafen, Fig. [3](#Fig3){ref-type="fig"}, demonstrate that there are at least three types of spin-glass states with different NMR signatures. One of them is the equilibrium spin-glass state: due to spin--orbit interaction the orbital glass serves as the quenched orientational disorder acting on the spin-nematic vector $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{d}}}$$\end{document}$. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{\mathbf {d}}$$\end{document}$ vector is a unit vector (director) along the spontaneous uniaxial spin anisotropy of the A phase. As a result the LIM state of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{d}}}$$\end{document}$ vector is formed with the characteristic LIM scale larger than LIM scale in the orbital glass.

Other possible spin-glass states can be considered as the topological excited states of the spin LIM. These are the spin-skyrmion and spin-vortex glass states, which pin the spin skyrmions and spin vortices in Fig. [1](#Fig1){ref-type="fig"}. The spin-skyrmion glass is formed when the transition from the normal liquid to the A phase is accompanied by strong magnetic perturbations \[[@CR4]\]. The same state is obtained by the first-order transition from the B phase to the A phase. As distinct from the orbital glass, which is realized as the equilibrium state (or as a manifold of nearly degenerate states), the spin glass in $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A is not an equilibrium state and can be annealed. Following notations \[[@CR11], [@CR12]\], we call it *spin-skyrmion glass*.Fig. 2Variety of glass states obtained by different protocols

The *spin-vortex glass* states are obtained by cooling from the normal liquid to the polar phase under strong magnetic perturbations. This spin glass can be represented as a chaotic system of spin vortices pinned by the aerogel.

Here, we consider how different topological charges characterize different types of glass states and apply the simplest Larkin--Imry--Ma arguments to describe the properties of these glasses leaving a more detailed consideration for the future.

Topology of skyrmion glasses is discussed in Sects. [2](#Sec2){ref-type="sec"} and [3](#Sec5){ref-type="sec"}; the orbital LIM glass is in Sect. [5](#Sec10){ref-type="sec"}; the spin glasses including spin-vortex glass are in Sect. [6](#Sec15){ref-type="sec"}; the vortex glasses are in Sect. [7](#Sec19){ref-type="sec"}: the combined effect of real and momentum-space topology is in Sect. [8](#Sec21){ref-type="sec"}.

2D Skyrmion Glass {#Sec2}
=================

Skyrmionic Topology of 2D Glass {#Sec3}
-------------------------------

Both the equilibrium LIM glasses emerging in magnets with random anisotropy or with random field and the quasiequilibrium skyrmionic glasses can be described in terms of the skyrmionic topological invariants. For the 2D Heisenberg spin glasses, the relevant invariant is $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi _2(S^2)=Z$$\end{document}$, see, e.g., Refs. \[[@CR11], [@CR12]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} Q_2=\int \hbox {d}{} \mathbf{S}\cdot \mathbf{q}_2(x),\,\, q_2^i= \frac{e^{ikl}}{8\pi }\,{\hat{\mathbf{s}}}\cdot (\partial _k {\hat{\mathbf{s}}}\times \partial _l {\hat{\mathbf{s}}}) . \end{aligned}$$\end{document}$$Here $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{s}}}$$\end{document}$ is the unit vector of magnetization in ferromagnets. It should be substituted by the nematic vector (director) $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{d}}}$$\end{document}$ in the chiral A phase and in the polar phase of superfluid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He, by the orbital vector $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{l}}}$$\end{document}$ in the A phase and by the antiferromagnetic vector in antiferromagnets.

Fluctuations of Topological Charges in 2D Skyrmion Glass {#Sec4}
--------------------------------------------------------

Consider the mean square fluctuations of the total topological charge, $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle Q_2^2\rangle $$\end{document}$, assuming that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle Q_2\rangle =0$$\end{document}$. Of course, if one fixes the topological charge by boundary conditions, then $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_2$$\end{document}$ does not fluctuate. If the order parameter is fixed at the boundaries, then the change of the total topological charge of the whole texture is possible only by singular process of creation of topological charge inside the sample---this is the instanton process, in which the system crosses the singularity in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2+1$$\end{document}$ spacetime---the spacetime hedgehog with topological charge $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi _2(S^2)=Z$$\end{document}$. If the boundary conditions are fixed and the instanton processes are ignored, one can choose the finite region of the intermediate size *L* inside the glass, which is much smaller than the dimension of the system and much larger than the LIM scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi _{\mathrm{LIM}}$$\end{document}$. Then, the total charge $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_2$$\end{document}$ in this region is fluctuating. In general, one may expect$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle Q_2^2\rangle \sim (L/\xi _{\mathrm{LIM}} )^m . \end{aligned}$$\end{document}$$In the simplest model of the Gaussian distribution, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle Q_2^2\rangle $$\end{document}$ is proportional to the area *S* of the region, and one has $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle Q_2^2\rangle \sim S \langle q_2^2\rangle \xi _{\mathrm{LIM}}^2 \sim (L/\xi _{\mathrm{LIM}} )^2 , \end{aligned}$$\end{document}$$where we use the dimensional analysis result$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle q_2^2\rangle \sim \xi _{\mathrm{LIM}}^{-4} . \end{aligned}$$\end{document}$$Fig. 3Sketch of the experimental setup for measurements of glass states of topological superfluid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He confined in nafen nanostructured material. (Right) Nafen consists of nearly parallel $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {Al}_2 \hbox {O}_3$$\end{document}$ strands, while liquid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He penetrates between strands. Two different nafen variants with densities of 90 and 243 mg/cm$\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$ have been used. The confinement parameters are shown in the middle \[[@CR13]\]. The nafen possesses two types of disorder which allows formation of glass states in topological superfluid: (i) orientational disorder in strands direction and (ii) density fluctuations (variation of $\documentclass[12pt]{minimal}
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                \begin{document}$$d_2$$\end{document}$). (Left) The nafen is placed into the cylindrical sample container (height 4 mm and diameter 4 mm) with the average strand direction along the cylinder's axis, denoted as $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{{\mathbf {z}}}$$\end{document}$. The sample is surrounded by NMR pickup coils and the static magnetic field can be oriented at an arbitrary angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ with respect to nafen strands. To avoid formation of paramagnetic solid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He on all surfaces, the sample is preplated by 2.5 atomic layers of $\documentclass[12pt]{minimal}
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                \begin{document}$$^4$$\end{document}$He \[[@CR32]\] (Color figure online)

3D Skyrmion Glasses {#Sec5}
===================

Topology of 3D Skyrmion Glasses {#Sec6}
-------------------------------

In the 3D Heisenberg magnetic glasses and in the superfluid A and polar phases of $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He, the skyrmionic charge is described by $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi _3(S^2)=Z$$\end{document}$ topology. The topological charge is the Hopf invariant, which can be expressed in terms of helicity of the effective gauge field \[[@CR26]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} Q_3=\int \hbox {d}^3x q_3(x),\,\, q_3(x)= \frac{e^{ikl}}{32\pi ^2}\,A_i F_{kl} , \end{aligned}$$\end{document}$$where the synthetic gauge field has the following connection to the vector field:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} F_{kl}=\partial _k A_l- \partial _l A_k= {\hat{\mathbf{s}}}\cdot (\partial _k {\hat{\mathbf{s}}}\times \partial _l {\hat{\mathbf{s}}}) \end{aligned}$$\end{document}$$For 3D ferromagnets, the synthetic gauge field $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{A}$$\end{document}$ is the Berry phase field \[[@CR27]\]. In these solid-state magnetic materials, the particle-like topological excitations described by the Hopf invariant---hopfions in Fig. [1](#Fig1){ref-type="fig"} (or knots \[[@CR28]\])---are suggested for spintronics applications \[[@CR29], [@CR30]\].

Fluctuations of Hopf Topological Charge in 3D Skyrmion Glass {#Sec7}
------------------------------------------------------------

Let us consider fluctuations in the 3D skyrmion glasses, assuming that there are no singular defects (hedgehogs, strings and domain walls). The absence of the singular defects allows us to use for their description both topological charges, which characterize the continuous configurations, $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_3= \int \hbox {d}^3x\, q_3(x) \sim \int \hbox {d}^3x\, \mathbf{A}\cdot (\nabla \times \mathbf{A})$$\end{document}$. As before we consider fluctuations in the volume *V* which is much smaller than the total volume of the sample and much larger than the volume of LIM scale. If the regions with positive and negative $\documentclass[12pt]{minimal}
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                \begin{document}$$q_3(x)$$\end{document}$ are randomly distributed, and we assume the Gaussian distribution, then $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle Q_3^2\rangle $$\end{document}$ is proportional to the volume *V*:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle Q_3^2\rangle \sim V/\xi _{\mathrm{LIM}}^3 . \end{aligned}$$\end{document}$$On the other hand, as follows from Eq. ([5](#Equ5){ref-type=""}), $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle Q_3^2\rangle $$\end{document}$ can be expressed in terms of the distributions of the synthetic gauge field $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{A}$$\end{document}$ and the topological density $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle Q_3^2\rangle \sim V \xi _{\mathrm{LIM}}^3 \langle A^2\rangle \langle q_2^2\rangle . \end{aligned}$$\end{document}$$This allows us to estimate the fluctuations of the effective gauge field, $\documentclass[12pt]{minimal}
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In the 3D skyrmion glass, it is instructive to consider the fluctuations of the topological charge $\documentclass[12pt]{minimal}
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Glasses in Chiral Superfluids {#Sec9}
=============================

The spin-triplet *p*-wave order parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi _{\mathrm{LIM}d} \gg \xi _D \gg \xi _{\mathrm{LIM}l}$$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\xi _D$$\end{document}$ is the characteristic length scale of spin--orbit interaction, see Sect. [6.1](#Sec16){ref-type="sec"}.(iii)There is also the nonequilibrium spin-nematic skyrmion glass state. It is obtained when the large enough resonant continuous radio-frequency excitation is applied during the cooling through $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi _D$$\end{document}$, see Sect. [6.2](#Sec17){ref-type="sec"}. In theory such metastable skyrmion glass is obtained by relaxation from the random initial configurations of the order parameter \[[@CR34]\].

Orbital LIM Glass {#Sec10}
=================

Larkin--Imry--Ma Orbital Glass in Isotropic Aerogel {#Sec11}
---------------------------------------------------

The LIM state has been realized in the chiral Weyl superfluid $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A immersed in aerogel \[[@CR4], [@CR7], [@CR35], [@CR36]\]. The random anisotropy of the aerogel strands destroys the long-range orientational order of the orbital vector $\documentclass[12pt]{minimal}
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                \begin{document}$${\hat{\mathbf{l}}}$$\end{document}$ giving rise to the LIM disordered state. In equilibrium LIM state, the singular topological defects, such as singular vortices and the hedgehogs (analogs of Nambu monopoles \[[@CR37]\], which are the end points of the singular Dirac strings \[[@CR38]--[@CR40]\]), are absent. That is why the LIM state can be characterized by two types of skyrmionic topological charge: the homotopy group $\documentclass[12pt]{minimal}
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LIM Glass in Anisotropic Aerogel {#Sec12}
--------------------------------

In infinitely stretched aerogel, like nafen which we have in our experiments, the 3D LIM state discussed in Sect. [5.1](#Sec11){ref-type="sec"} is not realized. Instead, fluctuations of the interstrand distance lead to disordered orientation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_2$$\end{document}$ charge describing columnar skyrmions in Fig. [1](#Fig1){ref-type="fig"}. But in the nonequilibrium state it can also contain merons---the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\pi $$\end{document}$-vortices in the vector $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\hat{\mathbf{l}}}$$\end{document}$ field (disclinations), whose winding number is given by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} Q_1=\frac{1}{2\pi } \oint \hbox {d}s \, {\hat{\mathbf{z}}}\cdot ({\hat{\mathbf{l}}} \times \partial _s {\hat{\mathbf{l}}}) . \end{aligned}$$\end{document}$$The core of the vortices with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_1=\pm 1$$\end{document}$ is soft and is characterized by the half-integer topological charge $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$^3$$\end{document}$He-A, merons are known as Mermin--Ho vortices, see review \[[@CR10]\].Fig. 4Frequency shift of the NMR response of confined $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$^3$$\end{document}$He displays a single absorption line at a frequency *f* shifted from the Larmor frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{\mathrm{L}}$$\end{document}$ as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2(f - f_{\mathrm{L}}) f_{\mathrm{L}} = ({\varOmega }/2\pi )^2$$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\varOmega }(T,P)$$\end{document}$ is the appropriate Leggett frequency. **a** Frequency shift as a function of temperature. Temperature is given in units of the normal-superfluid transition temperature of confined $\documentclass[12pt]{minimal}
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--------------------------------------------------------------------

There were several suggestions that in chiral superfluids, superfluidity can be destroyed by skyrmions \[[@CR7], [@CR43]\].

Let us first consider superfluidity of the LIM state, which has been challenged in Ref. \[[@CR7]\]. According to Eq. ([9](#Equ9){ref-type=""}), the average square of superfluid velocity is:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \left\langle e^{i \oint _C \mathbf{A} \cdot d\mathbf{r} }\right\rangle \propto e^{-L/\xi _{\mathrm{LIM}}},\,\, L \gg \xi _{\mathrm{LIM}} . \end{aligned}$$\end{document}$$According to Ref. \[[@CR44]\], the linear in *L* behavior of the exponent of the loop function means that superfluidity is not destroyed by the LIM texture. The nonzero superfluid density of the LIM state in $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A has been measured \[[@CR45]--[@CR47]\]. That is why the LIM state in $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A represents the system where the off-diagonal long-range order is destroyed. This is a 3D analog of the 2D Berezinskii--Kosterlitz--Thouless superfluid state. $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A represents the *amorphous topological superfluid*. The nonzero superfluid density $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _s$$\end{document}$ means that the coarse grained *U*(1) gauge field has a mass. Such glass state with nonzero mass of the effective gauge field corresponds to the confined phase suggested in Ref. \[[@CR48]\].

The statement in Ref. \[[@CR7]\] has been based on assumption of the $\documentclass[12pt]{minimal}
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                \begin{document}$$m=2$$\end{document}$ scaling law, which is not correct. In case of LIM state, the superfluidity is preserved due to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m=1$$\end{document}$ scaling. But the LIM state can be considered as a heat-insulator phase, since the lowest-energy fermionic states, which live near the Weyl nodes, can be localized. In principle, one may construct (possibly nonequilibrium) states with orbital disorder, in which the mass (charge) superfluidity is lost. Other states are possible when the mass superfluidity is lost, but the spin superfluidity retains, or vice versa: the spin superfluidity is lost, but the mass superfluidity is not, see Sect. [6.3](#Sec18){ref-type="sec"}. Such states would provide an analog of the separate charge and spin localization under random field \[[@CR49]\]. However, it is not excluded that whatever is the scaling law, the glass state remains superfluid because of the pinning of the texture.

Skyrme Superfluid Versus Skyrme Insulator {#Sec14}
-----------------------------------------

Another theoretical challenge is the stability of superflow in pure $\documentclass[12pt]{minimal}
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The instability of the supercurrent toward creation of skyrmions has been measured in $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A, see discussion in Ref. \[[@CR40]\]. The measured threshold is much larger than the Feynman critical velocity. The reason is that while the creation of the skyrmions is energetically becomes favorable, the superflow is locally stable and the potential barrier for creation is by many orders of magnitude larger than the temperature of the system. That is why the skyrmions are created at the critical velocity, at which the helical instability of the orbital texture develops. In principle, one can construct geometry in which the superflow is locally unstable. In this case, the critical velocity will be reduced to the Feynman critical velocity.

Spin Glasses {#Sec15}
============

Cascade of LIM Processes {#Sec16}
------------------------

The hierarchy of energy scales and corresponding length scales produces the *cascade LIM processes*: the quenched orientational disorder of aerogel strands on nanoscales gives rise to the orientational disorder in the orbital vector field (*orbital glass state*) on a microscale, which in turn leads to the spin disorder (*spin-glass state*) on a milliscale. According to the NMR measurements \[[@CR4]\], the LIM scale for the disorder of the orbital vector $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi _3(S^2)$$\end{document}$ topological numbers. The latter is the spin Hopf invariant:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} F_{jk}= \partial _j A_k - \partial _k A_j= {\hat{\mathbf{d}}} \cdot \left( \partial _j {\hat{\mathbf{d}}} \times \partial _k {\hat{\mathbf{d}}}\right) . \end{aligned}$$\end{document}$$So this combination of the *orbital glass* and *spin glass* represents the *hierarchical double Skyrme glass*.Fig. 5Spin glasses in the polar-distorted A (PdA) phase of superfluid $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^3$$\end{document}$He in NMR observations. The main panel shows NMR absorption spectra measured at temperature $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\mu = 90^\circ $$\end{document}$). The horizontal axis is the shift of the frequency *f* of the NMR response from the Larmor frequency $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{\mathrm{L}} = 409\,$$\end{document}$kHz. On cooling from the normal phase at this pressure and confinement, first the transition to the polar phase occurs, which is followed by the second-order transition to the PdA phase, similar to Fig. [4](#Fig4){ref-type="fig"}. *(1)* The spectrum is measured after normal to superfluid transition happened in the transverse magnetic field ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =90^\circ $$\end{document}$) and no rf pumping. In this case, disordered spin structures are not created. The spectrum includes only the bulk line at zero frequency shift. *(2)* Here, strong rf drive is applied during the superfluid transition in the field tilted at $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu =20^\circ $$\end{document}$ and the spin-vortex glass is formed, while formation of the HQV glass is suppressed. The spin-vortex glass is manifested by a satellite peak at $\documentclass[12pt]{minimal}
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                \begin{document}$${\varOmega }_{\mathrm{PdA}}$$\end{document}$ is the Leggett frequency in the PdA phase. The satellite peak originates from spin $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi _D\sim 10\,\mu $$\end{document}$m and occupy relatively small part of the sample volume. *(3)* Skyrmion spin glass is formed when the state *(1)* is cooled further through the first-order phase transition to the polar-distorted B (PdB) phase and then warmed through the first-order phase transition from the PdB to PdA phase. In contrast to spin-vortex glass in *(2)*, the satellite appears at less negative frequency shifts and is also wider and larger in intensity, since essentially the whole volume contributes to absorption. *(4)* When the spin-vortex glass in *(2)* is cycled to the PdB phase and back, the combined spin-vortex and spin-skyrmion glasses are created, as seen from the two satellites present in the spectrum. Note that the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{{\mathbf {d}}}$$\end{document}$-soliton satellite is modified when the soliton is embedded in the skyrmion spin glass. *Inset* shows zoomed view of the spectral region with the $\documentclass[12pt]{minimal}
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Skyrmion Spin Glass {#Sec17}
-------------------

The nonequilibrium skyrmion glass state originally has been obtained when the large enough resonant continuous radio-frequency excitation has been applied during the cooling through $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A \[[@CR4]\]. The NMR signature of this state demonstrates that the characteristic length scale of textures in this $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi _D$$\end{document}$, contrary to the equilibrium spin glass in Eq. ([21](#Equ21){ref-type=""}). The nonequilibrium skyrmion glass with the same NMR signature can be also obtained by warming from the B phase to the A phase through the first-order phase transition, see Fig. [2](#Fig2){ref-type="fig"} and spectra *(3)* and *(4)* in Fig. [5](#Fig5){ref-type="fig"}. Since such spin glass exists due to spin--orbit interaction with orbital spin glass, which disappears on transition from the A phase to the polar phase, the spin-skyrmion glass is annealed on this transition. On return back from the polar phase to the A phase, we observe change from spectra *(3)* and *(4)* to *(1)* and *(2)*, respectively.

Spin-Vortex Glass and Spin-Current Confinement {#Sec18}
----------------------------------------------
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                \begin{document}$${\hat{\mathbf{d}}}$$\end{document}$-field, the half of the skyrmion described by the half-integer topological charge:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} Q_2=\frac{1}{4\pi } \int \hbox {d}x\,\hbox {d}y\, {\hat{\mathbf{d}}} \cdot \left( \partial _x {\hat{\mathbf{d}}} \times \partial _y {\hat{\mathbf{d}}}\right) =\pm 1/2 . \end{aligned}$$\end{document}$$Our NMR experiments suggest that spin-vortex glass is formed after phase transition from the normal state to the polar phase when strong pumping (sufficient to significantly saturate normal-state response) is applied during the transition. This spin-vortex glass is preserved on the transition from the polar phase to the A phase (where spin vortices are probably pinned by the orbital LIM texture due to spin--orbit interaction), see Fig. [2](#Fig2){ref-type="fig"}, and also on the backward transition. In experiment, spin-vortex glass is seen via characteristic satellite in the NMR spectra at a relatively large negative frequency shift, see spectra *(2)* and *(4)* in Fig. [5](#Fig5){ref-type="fig"}.

Let us consider fluctuations of the topological charge in the spin-vortex state. We introduce the effective gauge field $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ of the superfluid order parameter can develop to different values in the casually disconnected regions. When such regions meet, a vortex can be trapped if the phase winding is $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi $$\end{document}$ for HQVs in the polar phase. In unconfined superfluid, KZ vortices rapidly decay \[[@CR53]\], but in the polar phase they are pinned on the nafen strands and remain at their initial density determined by the KZ length $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{{\mathbf {d}}}$$\end{document}$ solitons emerge between vortex segments with opposite orientation of spin-current circulation. For disordered and interlinked loops, these solitons form Seifert surfaces. The examples here are from Ref. \[[@CR54]\]. **c** Spin waves bound to $\documentclass[12pt]{minimal}
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Vortex Glasses {#Sec19}
==============

Glass of Half-Quantum Vortices {#Sec20}
------------------------------

Quantized vortices strongly pinned by nafen strands form the vortex glass. The vortex glass is obtained with the Kibble--Zurek (KZ) mechanism \[[@CR52]\] by fast cooling through $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{c}$$\end{document}$ to the polar phase, Fig. [6](#Fig6){ref-type="fig"}a. As follows from the NMR experiments, the vortex glass consists of the pinned Alice strings---half-quantum vortices (HQVs) with the following structure of the order parameter:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$ is the azimuthal angle around the vortex line. The half-quantum vortex is a combination of the mass vortex with winding number $\documentclass[12pt]{minimal}
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                \begin{document}$$Q_1=1/2$$\end{document}$. That is why, when the magnetic field is switched on, the spin half-vortex gives rise to the spin soliton terminating on the vortex, Fig. [6](#Fig6){ref-type="fig"}b. The spin solitons formed between HQVs produce the satellite peak in NMR spectrum, Fig. [6](#Fig6){ref-type="fig"}c. The intensity of the peak allows us to determine the density of half-quantum vortices, which agrees with the expectations from the KZ mechanism, see Fig. [6](#Fig6){ref-type="fig"}d.

The observed vortex glass---the *Alice glass*---differs from the Larkin vortex glass in superconductors, where vortices have preferred orientation of magnetic fluxes along the magnetic field. In the isotropic aerogel vortices have random orientation of vortex lines. In the aerogel with preferable orientations of the strands, the pinned vortex segments tend to align along the stands and thus they form disordered Ising glass with the random distributions of the winding numbers $\documentclass[12pt]{minimal}
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                \begin{document}$$N = -1/2$$\end{document}$. This configuration is, however, not uniform along the strand direction, since the same vortex can be pinned by different strands in different parts of the sample. This type of vortex matter adds to the Zoo of vortex states in superconductors: Bragg glass, vortex glass, vortex liquid and the Abrikosov lattice \[[@CR56], [@CR57]\].

Several types of the solitonic glass are possible. Spin solitons are formed in the glass or the lattice of half-quantum vortices. They are formed between the half-quantum vortices due to spin--orbit interaction. In the vortex glass, they form the solitonic glass, and in the vortex lattice---the analog of Bragg glass (*solitonic Bragg glass*).

Discussion: Topological Fermionic Glasses {#Sec21}
=========================================

The spin-triplet superfluid phases of $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He have rich topological properties, which allow us to produce many types of the glass states classified in terms of the pinned topological defects (Alice strings, monopoles, domain walls, etc.) and textures (skyrmions, hopfions, merons, solitons, etc.). Some of these states have been experimentally identified in NMR experiments, but many other states are still waiting for their strong identification. Experimental and theoretical study of these states may lead to discovery of new phenomena and new concepts in the physics of the topological disorder.

However, what seems to be the most important, is that all the observed spin-triplet superfluid phases of $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He are topological superfluids, described by the topological invariants in momentum space.The A phase and the polar-distorted A phase are Weyl superfluids with Weyl nodes in the fermionic spectrum. The Weyl points serve as the Berry phase magnetic monopoles, but now in momentum space \[[@CR58]\]. The corresponding Hamiltonian for quasiparticles near the Weyl points has the form: $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^a$$\end{document}$ are the Pauli matrices in the Bogoliubov--Nambu particle-hole space; $\documentclass[12pt]{minimal}
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                \begin{document}$$e^i_a$$\end{document}$ are the elements of the effective (synthetic) tetrad field; $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{A}=k_F{\hat{\mathbf{l}}}$$\end{document}$ is the effective (synthetic) electromagnetic field; and $\documentclass[12pt]{minimal}
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                \begin{document}$$q=\pm 1$$\end{document}$ is effective electric charge.The polar phase has Dirac nodal line in the fermionic spectrum and correspondingly the degenerate tetrad field \[[@CR59]\].The B phase and the polar-distorted B phase are fully gapped topological superfluids of the DIII class with Majorana fermions on the surface. These phases become the higher-order topological superfluids in applied magnetic field, see, e.g., Refs. \[[@CR60], [@CR61]\]In the glass phases, the disorder adds new features to the topological structure in momentum space, and the momentum-space topology meets the real-space topology \[[@CR62]--[@CR65]\].

In particular, in the disordered LIM state of $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He-A in isotropic aerogel, the positions $\documentclass[12pt]{minimal}
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                \begin{document}$$\pm k_F{\hat{\mathbf{l}}}$$\end{document}$ of the Weyl nodes and the orientations of the tetrads $\documentclass[12pt]{minimal}
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                \begin{document}$$e^i_a$$\end{document}$ are smoothly and randomly distributed in space forming a unique example of a *Weyl glass*. The random positions of the nodes give rise to the random effective gauge field $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{A}=k_F\nabla \times {\hat{\mathbf{l}}}$$\end{document}$, while the random orientations of the tetrads with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\langle e_a^\mu \right\rangle =0$$\end{document}$ form the analog of the *torsion foam* in quantum gravity \[[@CR66], [@CR67]\].

Smooth disorder of superfluid phases of $\documentclass[12pt]{minimal}
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                \begin{document}$$^3$$\end{document}$He allows us to consider the disordered state as collection of domains with different values of the momentum-space invariants---the Chern numbers \[[@CR64], [@CR68]\]. Such topological glass state represents the real-space analog of the Chern mosaic in the space of parameters \[[@CR69], [@CR70]\].
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                \begin{document}$$\hat{\mathbf {e}}$$\end{document}$ introduced later in the polar phase is usually named $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hat{\mathbf {m}}$$\end{document}$.

**Publisher\'s Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Open access funding provided by Aalto University. We thank Vladimir Dmitriev, Alexei Yudin and Samuli Autti for useful discussions. This work has been supported by the European Research Council (ERC) under the European Union's Horizon 2020 research and innovation programme (Grant Agreement No. 694248).
